We have demonstrated the possibility of growing p-type ZnO films by a pulsed laser deposition technique combined with plasma gas source. The p-type ZnO film has been fabricated by passing N 2 O gas through an electron cyclotron resonance (ECR) or RF plasma source. N 2 O gas is effective to prevent ''O'' vacancy from occurring and introduce ''N'' as an acceptor, at the same time. With Ga and N codoping technique, we have observed a room temperature resistivity of 0.5 O cm and a carrier concentration of 5 Â 10 19 cm À3 in ZnO film on glass substrate. Two-step growth, with a thin ZnO template layer formed at high temperature, is quite effective to realize a well crystallized growth at low temperature. The observed p-type ZnO films will open the door for practical applications in various oxide electronic devices. #
Introduction
Zinc oxide (ZnO) is an extensively studied material because of its potential applications in various fields, such as UV resistive coatings, gas sensors, solar cells, laser systems etc. because of its unique characteristics of piezoelectric, electron conductivity and optical transmittance [1] [2] [3] [4] [5] . The naturally occurring ZnO has n-type conductivity which can be enhanced by doping with Al, Ga etc. The range of application of this cost effective material can be widened to a greater extent if we can induce p-type conductivity in thin films of ZnO. That is, obtaining a p-type ZnO will lead to the fabrication of a unique, transparent, oxide p-n junction. As the base material is the same for both p and n conductors, the p-n junction will be free from the interface strain, thereby a better performance can be expected (compared to possible transparent hetero-oxides) in their semiconductor applications.
The problem of p-type doping in ZnO can arise for various reasons such as, the acceptors level may be so deep that there is low thermal excitations into the valance band, low solubility of the dopant or inducing self-compensating processes on doping. Recently, Yamamoto and Katayama-Yoshida have proposed that by adopting a codoping approach (simultaneous doping of donor and acceptor) one can realize the p-type electrical conduction in ZnO. The proposed choice of donors are Al, Ga or In with N as the acceptor. We tried to adopt this method towards deriving ptype ZnO. Initial experiments were done with various concentrations of Al or Ga as the donor and N (from N 2 gas) as the acceptor. The active N is formed by passing N 2 gas through an electron cyclotron resonance (ECR) or radio frequency (RF) plasma source. But all the films obtained were of n-type. Since one of the native defects which contributes to n-type conductivity is the presence of O vacancy (Vo), it is essential to suppress the effect of Vo towards getting p-type conductivity in ZnO. Earlier study by Sato et al. [6] on using a mixture of O 2 and N 2 was not successful in getting p-type ZnO films. Hence, we have used N 2 O gas as source of N in further experiments. N 2 O is a mild oxidizing gas [7] . It is stronger than O 2 and weaker than NO 2 as an oxidizing agent (Table 1) . Under this condition, even without the presence of donor in the ZnO (such as Ga or Al), we could get p-type conductivity. But the resistivity was high (5 Â 10 5 O cm) and the carrier density was very low (2 Â 10 10 cm
À3
). However, the presence of donor in the above experimental condition is expected to improve the p-type conductivity. Hence, similar experiments were done with ZnO targets containing various amounts of Ga or Al. In this paper, we report that we have observed a room temperature resistivity of 0.5 O cm and a carrier concentration of 5 Â 10 19 cm À3 in p-type ZnO film on glass substrate with Ga and N doping [7] . Furthermore, resistivity of 6 Â 10
À3 O cm and a carrier concentration of 1 Â 10 21 cm À3 have been achieved on sapphire substrate. The above observed p-type conductivity in Ga-N codoped films will open the door for practical applications in various oxide electronic devices.
Experimental
In the present study, thin films are obtained by pulsed laser deposition method. The details of the experimental facility are reported elsewhere [8, 9] . Briefly, the deposition is done in a vacuum chamber having a base pressure of 1 Â 10 À8 mbar. An ArF excimer laser is operated at 1 Hz at a fluence of about 0.5 J/cm 2 and the typical deposition rate is about 10 ( A/min. During the deposition, the substrate (Corning #7059 glass or sapphire single crystal) is kept typically at 4008C and the required N atmosphere is maintained by passing N 2 O or N 2 with or without an ECR or RF plasma source. The targets of Ga, doped ZnO are prepared by heating a mixture of ZnO and the respective oxides in air for 12 h at 10008C.
The crystal orientation is examined by X-ray diffraction (XRD) and pole figure measurements, using Cu K a radiation (Rigaku). Electrical resistivity, carrier concentration and mobility are measured using a four-point probe van der Pauw method. The optical transmission through the film is measured using a spectrometer (Shimadzu, UV-3100PC). The major conduction type (either p-or n-type) is confirmed by measurement of Hall, Seebeck coefficients as well as by electrochemical 
Results and discussion
As indicated above, naturally, ZnO is an n-type semiconductor due to its deviation from stoichiometry, containing interstitial Zn atoms (Zn i ) and O vacancies (V . o) in the crystal. Both of these defects form donor levels at % 50 meV [10] . They locate just below the conduction band level. Hence, for the fabrication of p-type ZnO, one not only needs to suppress the effect of these two defects, but also introduce acceptor dopants. According to theoretical prediction, among all possible acceptors (such as Li, Ag and Cu), N is the best candidate to produce a shallow acceptor level in ZnO [11, 12] .
To realize a p-type doping in ZnO, it is better to have O atoms (to suppress V . o) and N as acceptors at the same time. So one can think of using a mixture of O 2 and N 2 . However, such an attempt by Sato et al. [6] failed to show p-type conductivity in ZnO film, even when a mixture having different ratios of O 2 /N 2 was introduced through an ECR or RF source. Therefore, we decided to use N 2 O, as this can be expected to behave differently in an ECR or RF plasma source because its bond energy and ionization potentials are different from that of N 2 as can be seen in Table 1 .
Electrical properties
Initially, experiments are done on pure (undoped) ZnO with N 2 O gas, with and without the use of plasma source. When the plasma source is off (i.e. N 2 O is introduced into the vacuum chamber without any pre-ionization), at a pressure of 1 Â 10 À3 mbar, the film obtained showed a low resistivity of 4 Â 10 À2 O cm and is clear n-type with properties close to that of natural n-type ZnO thin film [4] . Increasing the pressure to 3 mbar, the resistivity of the film increased to 1 Â 10 3 O cm (carrier concentration is 2 Â 10 14 cm À3 ). Both Hall and Seebeck coefficient measurements did not indicate clearly the type of carrier}the Hall measurements sometimes showed p-type with very low signal to noise ratio, while the Seebeck voltage was almost zero. But with plasma source on, at a pressure of 1 Â 10 À3 mbar, the maximum operating pressure with our plasma source, the resistivity increased to 1 Â 10 5 O cm with a corresponding carrier concentration of 2 Â 10 10 cm À3 and showed a clear p-type behavior by both Hall and Seebeck measurements. All these results are summarized in Table 2 (S. No. 1-3).
Similar experiments, as with the case of undoped ZnO, are done for the Ga doped (0.1, 0.5, 1.5, 5 and 10 wt% of Ga 2 O 3 ) ZnO samples. As with the undoped system, all the films are n-type when the ECR is off. With the ECR source on, the p-type behavior is obtained for 0.1 wt% and 5 wt% of Ga as shown in Table 3 [9] [10] [11] . When the pressure is at 5 Â 10 À5 mbar, the film obtained showed a low resistance of 0.26 O cm. The resistivity increased with the increase of pressure and the carrier density initially decreased, then increased, in addition the carrier type flipped from n-type to p-type. Hence, this region of 5 Â 10 À4 mbar of N 2 O seems to be the border region for the carrier type to change from n to p-type after the compensation. As indicated in the above table, for 0.5 wt% of Ga when the ECR is off, we could get very high carrier concentration with very low resistivity and a clear n-type activity (Table 3, S.No. 4). Hence, even when the ECR is on, one may need much more N atoms to compensate these large n-type carriers. This could be the reason for not getting p-type behavior with 0.5 wt% of Ga. The case may be similar for 1.5 wt% Ga as well. For 10 wt% case, again it is n-type, as the Ga present is much more than the available N atoms for the effective codoping to take place.
All the above experiments performed for various targets in N 2 O atmosphere are repeated with N 2 for comparison. All the films obtained are n-type, irrespective of the amount of Ga present (0-10 wt%) in the target and whether the ECR source is on or off.
For some of the films, the Seebeck coefficients were measured in the temperature range of 18-388C and the corresponding values are indicated in the tables. For other films, the thermoelectric effect is observed with a heat probe, to check whether it behaves as n or p-type. The carrier type is also confirmed by electrochemical measurements. For example, Figs. 1a and b shows a typical current versus voltage (I2V) curve obtained for p-and ntype conductive films using an electrochemical cell having Ag/AgCl reference electrode, Pt counter electrode and the film as working electrode in 0.1 M Na 2 SO 4 solution. Fig. 2 shows temperature dependent electrical conductivity for lowest resistance p-type (S.No.3 of Table 3 ) and n-type films obtained by the codoping method. The p-type film shows a typical semiconductor behavior with an estimated activation energy of % 13 meV in the high temperature region, whereas, the n-type sample shows a degenerate semiconductor behavior. This type of metallic like n-type transparent conducting oxide can substitute the expensive commercially used indium-tin-oxide (ITO) films [13] in various applications.
Chemical bonding state
Figs. 3a and b show the result for 0.1 wt% Ga target with N 2 O atmosphere, with ECR on (S.No.2 of Table 3 ). Here the N1 s peak occurs close to what is observed with pure N doped case. No peak could be seen for N1 s, which corresponds, to the Ga-N type of bonding [14] . This is quite evident, as no Ga peak could be seen for the Ga2p, as shown in Fig. 3b . That is, the amount of Ga present in the film is too low to be detected by XPS. Still, because of the presence of considerable amount of N, this film too possesses a p-type nature. Figs. 3c and d show similar XPS spectrum for a codoped film obtained from a target containing 5 wt% Ga and other experimental conditions are identical to that of the 0.1 wt% Ga, as given above. Here, the N1 s peak occurs very much away from the N peaks seen in Fig. 3a .
Since the amount of Ga present is more, good Ga2p peak was also observed as shown in Fig. 3d . The peak positions of both N1 s (Fig. 3c) and Ga2p (Fig. 3d) indicate the presence of Ga-N type of bonding as these peak positions are in close agreement with that of the literature XPS data on GaN films [14] . The N1 s peak position of the N doped ZnO film is very much different from that of the N1 s peak position of the codoped film (Fig. 3c) ; also the former N1 s peak occurs in between the NO 2 and NO 3 positions [15] and we are not able to infer the exact nature of the environment seen by these nitrogen atoms in the ZnO lattice. Figs. 3e and f show very similar XRS spectrum obtained for a codoped film, formed from a target of 5 wt% of Ga, but in a N 2 atmosphere, rather than N 2 O. Here, as can be seen, no good signal was obtained for the N1 s peak, but noisy peaks were observed both at 405 and at 398 eV (Fig. 3e) . However, good intensity signal was obtained for the Ga2p peaks (Fig. 3f) , as the Ga content is 5 wt%. Because of the presence of very low amount of N in this film, the film showed only n-type behavior. From these observed peak areas and the corresponding sensitivity factors, the approximate relative intensity ratio of Ga : N is obtained as 1 : 6. It is reported [16] that such a relative intensity ratio, by XPS, for GaN film (1Ga : 1N) is about 1 : 3.2. This suggests that in the codoped film the N : Ga ratio is 2 : 1. This is one of the basic requirements for observing p-type activity in ZnO by the codoping process as predicted by theoretical calculations [11] . Fig. 4(a) shows a typical X-ray diffraction pattern obtained for N-Ga codoped ZnO film on sapphire (1 1 2 0) substrate at 4008C. N doping is done under N 2 O at a pressure at 1 Â 10 À3 mbar with ECR on and the target is 0.1 wt% of Ga. Sapphire with this plane of orientation is expected to give a minimum lattice mismatch for the ZnO [17] , and we could get epitaxial growth as confirmed by the F scan for the (1 0 1) planes of ZnO film as shown in Fig. 4(b) . The F scan obtained for the (1 0 4) planes of the substrate is also shown in Fig. 4(c) .
Structural characterization
As indicated above, the presence of well defined columnar structure and possible defect structure (due to doping processes) can act as scattering centers for the carriers, resulting in low mobility for most of the films. Also, the mobility obtained for the codoped p-type films are much lower than those obtained for the n-type films. However, the mobility of the p-type films on sapphire substrate is higher than that of the p-type films on glass; this may be attributed to the difference in grain size}on sapphire the average size is % 500 nm, whereas on glass it is % 100 nm, as measured by atomic force microscopy. 3.4. Two-step growth}effect of the high temperature buffer layer
From the thermodynamic point of view, Ga 2 O 3 is the most stable phases when we mix ''O'', ''N'' and ''Ga'' at the same time. The second stable phase is GaN. If we would like to get the N-Ga-N complex, low-temperature formation is very important. But the ZnO film, formed at low temperature of 4008C, for example, shows a weak free exciton peak and a strong one of deficiency in the PL spectrum ( Fig. 5(a) ). Of course, if it is formed at a high temperature above 6008C, clear free exciton peak [18] [19] [20] is observed at 3.3 eV and o-vacancy peak (around 2.2-2.4 eV) decreases dramatically. There is a dilemma, that is, while the higher temperature formation is better for the crystal growth, low temperature is better for nonequilibrium growth. The cross point locates around 550-6008C (Fig. 6(a) ). But, here we propose a tricky idea, that is, two-step growth. At first, thin ZnO film (5$10 nm) is deposited at high temperature around 600-7008C. Then, ZnO layer (>200 nm) is successively formed at low temperature (54008C) on the first template layer (Fig. 6(b) ) This two-step growth, with high temperature template layer, is quite effective to improve the crystallinity of the film. The PL spectrum changes dramatically from Fig. 5(a) to Fig. 5(c) . It shows similar quality to that formed at high temperature of 600-7008C (Fig. 6(b) ). Fig. 7 shows a typical optical transmission spectra obtained for films having 5 wt% Ga in ZnO, codoped with N from N 2 O (p-type, S.No.11 of Table 3 ) and N 2 with plasma on at a pressure of 1 Â 10 À3 mbar. The transmittance in the visible region is about 90% and this value is almost the same as that reported for Ga doped n-type ZnO [2] and higher than the recently reported [21] p-type CuAlO 2 . The slight absorption at 550-600 nm could be due to interference effect. In the above figure, the blue shift of the absorption edge for the n-type film is due to high carrier concentration in accordance with the Burstein-Moss shift [22] .
Optical behavior

Conclusions
In summary, high resistivity p-type ZnO thin films have been obtained by doping with active N alone. This p-type conductivity is very much enhanced in terms of conductivity and carrier concentration by adopting a codoping method, using N as acceptor and Ga as donor dopants. The N doping is effective only with N 2 O through an ECR or RF plasma source; but not with N 2 gas. To fabricate the local minimum phases, a nonequilibrium process is essential. Therefore, low temperature formation is one of the key techniques. And the two-step growth, with using high temperature buffer layer, is a powerful technique to get well crystallized ZnO films at low temperature. theoretical advice, Dr. Y. Mori (Osaka University) for Seebeck measurements, Dr. E. Rokuta and Prof. H. Kobayashi (Osaka university) for XPS measurements.
